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SUMMARY

An oil spill behavior model has been developed which describes the changing
area, thickness and physical properties of spills of Prudhoe Bay Crude 0il,
No. 2 fuel (home heating) oi® and No. 4 (heavy) fuel oil under Arctic marine
conditions. The oil properties calculated are density, viscosity, pour point,
aqueous solubility, flash point, fire point and interfacial tension. The
model calculations include spreading into thin (sheen) and thick slicks,
drift, evaporation, dispersion, and formation of water-in-oil emulsions
(mousse formation). The model was calibrated by fitting the model ciquations
to data obtained from outdoor weathering experiments conducted at the Coast
Guard R&D Center, Groton, Connecticut, during the Winters of 1979/80 and
1980/81 in which arctic spring conditions were simulated. A comprehensive
sampling program yielded data on the changing oil properties. The model
successfully described the rate of evaporation and the physical properties
under these test conditions, with the exception that interfacial tensions were
not well predicted. This exception is probably due to the formation of
surface active compounds by oil oxidation, and water-in-oil emulsion formation
induced by rainfall. It is believed that the model provides the capability of
predicting, with acceptable accuracy, the behavior and properties of the three
0ils when spilled under arctic marine conditions.

xiii




it s i =

. 5 -
e Al e e

1.0 INTRODUCTION

There is an obvious incentive to develop a capability to predict
the extent of weathering of an oil spill under Arctic conditions, and
the resulting changes in the oil's physical and chemical properties.
These properties influence both oil behavior, such as spreading, and the
applicability and effectiveness of the various available countermeasures.
The ultimate objective is to be able to respond rapidly in the event of an
Arctic oil spill. A computer program which calculates oil property changes
as a result of receiving input data on the oil's properties and amount, and
the environmental conditions, would assist this objective.

Many oil spill models have been developed to assist with countermeasures,
most being of the trajectory type in which the aim is to calculate where the
oil may be at any time. Such models essentially add wind and current vectors
for selected time steps. In the model described here, the aim is to predict
property changes rather than location, thus the model is complementary to a
trajectory model. It may be wholly or partly incorporated into a trajectory
model if desired.

It is also obvious that some set of o0il property measurements should be
made to permit rates of processes such as evaporation to be calculated. The
algorithms or equations for such calculations are not always available and of
a form compatible with the data acquired or with the oil spill model. These
algorithms usually arise from controlled 1aboratory or outdoor experiments in
which the rate of a process is ctudied in isolation.

In this work, we have addressed the problem of integrating information
from (i) physical and chemical property measurements
(ii) outdoor evaporation experiments
(iii) recently developed algorithms describing oil spill processes

into a comprehensive oil spill behavior model.

Components (i) and (iii) relied heavily on previous work undertaken at
the University of Toronto with Environment Canada (Arctic Marine Qilspill
Program) support as described in several contract reports, notably Mackay and
Paterson (1980), Mackay (1978) and Mackay, Buist, Mascarenhas, and Paterson
(1979). Measurement and correlation of physical properties were made at the
University of Toronto. Component (ii) was undertaken at the U.S. Coast Guard
R&D Center, Groton, CT. A final integrating effort involved joint analysis of
the results and formulation of the oil spill behavior model.

Three 0ils were tested both in the laboratory and at Groton; home heating
or No. 2 fuel oil, heavy or No. 4 fuel oil, and Prudhoe Bay crude oil. These
0i1s were selected by the U.S. Coast Guard as being representative of ofl
types most 1ikely to be encountered in spill situations in offshore Alaska.

The approach taken in this report is to first describe in Section 2.0
the oil spill model (a complete 1isting being given in Appendix A). The
experimental weathering work and the physical/chemical determinations are
described in Section 3.0 and the results in Section 4.0. The calibration
and a discussion of the results are given in Section 5.0.




2.0 OIL SPILL MODEL

011 spill models are of two general types; trajectory models in which
the aim is to predict the location and size of a slick in a given geographical
setting under the influence of prevailing wind and current vectors, and
behavior models in which the properties of the oil are predicted in some
detail from a knowledge of the oil composition and environmental conditions,
especially temperature and wind speed. These models may become computation-
ally complex and rarely are they combined. A recent comprehensive review of
the status of models has been prepared by Huang and Monastero (1980). Several
models are described in the proceedings edited by Mackay and Paterson (1980).
Valuable reviews of models and their component processes have been provided by

Jordan and Payne {(1980).

Possibly the most advanced models currently available or under develoment
are those developed for the U.S. National Oceanic and Atmospheric Administra-
tion including recent work on their behalf by Science Applications, Inc.,
Kirstein and Payne (1982).

To be useful, a model must be applicable to different oils, preferably
by inserting a number of parameters into the program which characterize such
things as evaporation and changes in properties such as density as a function
of extent of weathering and temperature. The model equations should minimize
risk of computational failure. The number of parameters should be minimized
and the inherent assumptions should be apparent to the user. These require-
ments favor simplicity but not at the cost of loss of realism. The model
described here represents an attempt to achieve this goal by modifying and
updating a model developed for the Environment Canada Arctic Marine 0ilspill
?rogr?m (AMOP) 1n 1975-1980 and most recently described by Mackay and Paterson

1980).

A complete printout of the model is given in Appendix A with behavior
and property parameters defined individually for Prudhoe Bay crude oil, home
heating 011 and heavy fuel oil. The principal features of the model are
described below.

The program is written in FORTRAN. It commences by setting spill
conditions of oil volume and the duration of the reiease. Provision for
instantaneous or continuous releases is available. Environmertal conditions
of temperature, wind speed and sea state are defined. The oil properties are
entered in the form of appropriate constants for the equations tabulated later.

Rate constants for dispersion, emulsification, spreading, drift and
evaporation are calculated or entered. Provision is made to allow any process
to be stopped in order to explore its effect by comparing "with" and "without"
outputs.

The initial ofl properties and spill thickness are set and the calcula-
tion proceeds in time increments by computing the amount of oil evaporated
and dispersed, water uptake which forms water-in-oil emulsions, spreading and
drift. A complete printout then follows giving the mass balance, the rates of
the processes and the newly computed oil1 properties which have changed as a
result of evaporation. Any new ofl is then added ({f the spill {s continuous)
and the calculation repeated.




The oil is assumed to spread into a thin sheen surrounding thicker
patches. Most of the spill area (e.g., 70 to 90%) is sheen, but most of
the oil volume is contained in the thick patches. Equations are given to
calculate the increase of the thick and sheen areas during a time increment.
Provision is made for the thick slick to "feed" the thin slick, a process
which is observed on the ocean surface. The spreading equations have been
described by Mackay, Buist, Mascarenhas and Paterson (1979).

The evaporation calculation uses the “evaporative exposure" concept
in which the oil's vapor pressure is first calculated as a function of
temperature and fraction evaporated, then the amount evaporated calculated
from a conventional mass transfer flux equation. Separate calculations are
included for sheen and thick slicks. The physical basis for these equations
has been described by Mackay, Paterson and Nadeau (1980) and by Mackay and
Stiver (in preparation).

Dispersion rates for thick and sheen slicks are calculated as a function
of windspeed and oil-water interfacial tension and are a simplification of
equations described earlier by Mackay and Paterson (1980).

Emulsion (mousse) formation is included using the equations outlined by
Mackay and Zagorski (1982). The water content and viscosity of the oil are
calculated.

Finally, the location and shape of the slick are calculated using a drift
factor of 3.5% of the wind speed. It is possible to overlay the slick
location and size in a hydrographic chart.

The variables used in the program are defined and units given in most
cases by comment cards in the program but additional information is provided
in Appendix A.

A specimen output of the state of spill of Prudhoe Bay crude oil is given
in Table 2.1.
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3.0 EXPERIMENTAL PROCEDURES
3.1 Weathering Experiment

A laboratory-scale outdoor experiment was conducted at the Coast
Guard R&D Center during the Winters of 1979/80 and 1980/81 to simulate the
weathering of oil under arctic conditions. Four oils were weathered outdoors
on water in open boxes under natural environmental conditions for periods of
up to a month with periodic sampling. Temperature and wind speed were moni-
tored continuously to allow calculation of hourly “"evaporative exposure”
values. Solar radiation was also monitored to elucidate its effect on
increasing the oil temperature.

- The primary objective of the experiment was to document the effect
of evaporation on 0il weathering under cold conditions, and its role in
determining the oil fraction remaining, and the physical and chemical pro-
perties of the oil. Of particular interest to the Coast Guard with regard to
the physical properties were the density, viscosity, and combustibility of the
oil, as these properties are likely to dictate the effectiveness of various
cleanup measures such as skimming, use of suction hoses and burning.

A second objective was to determine the dependence of the rate of
evaporation on the “"evaporative exposure" and to verify the accuracy of the
empirical formulations for modelling this dependence.

A third objective of the experiment was to investigate the
dependence of the oil/air interface temperature on the air temperature,
underlying surface temperature, and solar radiation. Of particular interest
was the role of the solar radiation in raising the temperature of darker oils
above ambient environmental levels.

This report deals with the first and second objectives as described
above. The results stemming from the third objective are discussed in a
separate Coast Guard R&D Center Report (Tebeau, Meehan, and Myers, 1982).

The 0il weathering experiments were carried out on the roof of the
main R&D Center building at Avery Point, Groton, CT. This location offered a
marine environment with ample exposure to the elements. It was hoped that
during the winter months, this environment would approximate conditions on the
North Slope of Alaska during late spring and summer, when large quantities of
0il would most 1ikely reach the ice surface.

The experimental apparatus consisted of plywood weathering boxes (60
cm x 60 cm x 30 cm deep) 1ined with 5 cm of styrofoam insulation and fitted
with a polyethylene liner to make the boxes reusable. Transparent covers were
also fabricated and mounted 35 cm above the o0il so that the weathering oil
samples could be protected from rain and snow if desired as shown in Figures
3.1 and 3.2.

The experimental procedure called for freezing a block of fresh
water ice in each box in the R&D Center cold room. The boxes were then
transported to the roof where a 400mL sample of the oil was deposited on the
jce surface. The No. 2 and No. 4 oils were obtained from local University of




Figure 3.1 Photograph showing oil weathering experiment test
site on the roof of the R&l Tenter,

Figure 3.2 Photograph showing the oil weatherinag box with oil
sample and rain screen in place,




Connecticut physical plant stocks at Avery Point. The Prudhoe Bay crude oil
was obtained by courtesy of the Atlantic Richfield Company. In warmer
weather, the oil was initially deposited in a (30 cm x 30 cm) cavity chipped
in the center of the ice block to prevent it from running down the sides of
the block. Usually after a few days, enough melt water was present so that
the o0il covered most of the surface area inside the box. The oil samples were
then allowed to weather for periods ranging from approximately 1 day to 1
month. At specified times during the period, a sample of each type of o0il was
removed from the weathering boxes. Descriptions of the environmental monitor-
ing instrumentation are described by Tebeau, Meehan, and Myers (1982).

Altogether, 109 weathered oil samples (30 No. 2 oil, 31 No. 4 oil,
35 Prudhoe Bay Crude, and 13 No. 6 0il1) were collected and analyzed for the
Winter 1979/80 and Winter 1980/81 experiments. In addition, unweathered
standard samples of each type of oil were taken at intervals throughout the
experiment period. The time weathering began, time weathering ended, duration
of weathering in hours, average temperature during the weathering period,
average wind speed during the weathering period, and cumulative evaporative
exposure for each weathered sample were calculated, the results being tabu-
lated in Section 4.1.

A preliminary physical properties analysis was conducted at the
Coast Guard R&D Center to check mass fraction remaining, specific gravity,
viscosity, water content, flash point, fire point, and combustibility.
Chemical analysis at the R&D Center involved running Gas Chromatograph (GC)
scans on each sample to delineate its chemical composition. A complete
description of this analysis and the results are given in a companion report
by Tebeau, Meehan, and Myers (1982). Based on the initial results of the R&D
Center analysis, various samples of the No. 2 oil, No. 4 oil, and Prudhoe Bay
crude oil were selected for further analysis by the University of Toronto as
described in Section 2.0. It is the result of this more detailed analysis
that forms the basis of the model calibration effort described in Section 5.0.

3.2 Physical Property Determination

Detailed analyses were conducted on 13 samples of Prudhoe
Bay crude oil (designated by a prefix "“PBC"), 13 samples of home heating oil
(HH), and 13 samples of heavy fuel oil (F0), most obtained from the outdoor
weathering experiment at Groton. The remainder were samples of the fresh oils
and oils obtained by artificial weathering in the laboratory (designated AB).
The artificially weathered samples were prepared by bubbling a stream of air
of known flow rate through a volume of oil for specified times generally
following the procedure described by Mackay and Stiver (1982). This latter
group of samples gave results which were used to develop equations describing
the physical properties as a function of temperature and extent of evapora-
tion. The equations were then tested on the Groton samples.

Density

Density was measured at 0°C and 20°C using a standard pycnometer
calibrated with distilled water. The results are presented in units of
kg/m°. Specific gravity is thus this number divided by 1000.




Pour Point

Pour points were measured using the standard American Society for Testing
Materials-Institute of Petroleum Method #097. The general procedure was to
heat the oi1 sample to approximately 460C, then cool the sample steadily
with cold water, then ice water, then an acetone-dry ice mixture (as
necessary) until a temperature {s reached at which the oil in the test vessel
does not flow when tilted horizontally. The results are expressed in OC,

Viscosity

Viscosities were measured using a standard Canon Fenske viscometer at
00C, 109C, 209C, the results being reported in units of centipoise
(cp). The now-standard unit is Pascal-seconds (Pas), 1 Pas corresponding to
1000 cp or 1 milli-Pas (mPas) to 1 cp. In most cases, it was either not
necessary or it was impossible to measure viscosities at all the above
temperatures. For example, it is not feasible to measure viscosities below
the pour point, thus the Prudhoe Bay samples which had pour points in the
range -2 to +189C were examined at 10 and 200C or 20 and 30°C. Only two
determinations are necessary to obtain information about the temperature
dependence of viscosity.

Aqueous Solubility

Approximately 5-10 mL of the of1 samples were added to a separatory fun-
nel containing 50-100 mL of double distilled water. The separatory funnels
were shaken gently in a wrist action shaker for about two hours and then
allowed to settle for at least 48 hours before analysis at 200C. 2-3 mL of
the saturated aqueous solution were drawn to be analyzed by "purge-and-trap"
gas chromatoEraphy. The results are given in g/m3 which is numerically
equal to mg/L or ppm.

The gas chromatograph was a Hewlett-Packard Model 5840 equipped with a
flame fonization detector and a Model 7675A purge-and-trap sampler. The GC
column was a wide bore 50 meter long glass capillary column coated with SE-30
(WCOT from Alltech Associates, Inc.?.

Typical chromatograms of the fresh oils and field samples are shown
in Section 4.0. It was noted that the dissolved components were mostly
aromatic in nature, e.g., benzene, toluene, xylenes, substituted benzenes
and naphthalenes which is expected as their solubilities in water are higher
than those of alkanes. The solubilities were determined using benzene for
calibration purposes. As the oil weathered, its solubility decreased leaving
the higher molecular weight components such as polynuclear aromatics in the
solutfon. Since the solution was purged at room temperature, it was impos-
sible to strip hydrocarbons heavier than n-Cig or naphthalene from the water.

This 1s not regarded as a serious problem because these hydrocarbons have
low solubilities and they will contribute 1ittle in addition to the measured
soTub{lity.




It should be noted that these solubilities are measured in distilled
water, not seawater. It is, however, relatively simple to calculate the
seawater solubility from that of distilled water, the seawater value generally
being 75% of the distilled water value.

Oil-Water Interfacial Tension

0il-water interfacial tension was measured by the spinn1n? drop technique
at 200C in which the shape of an oil drop is observed while spinning in a
horizontal column of synthetic seawater (35 g/L sodium chloride), centrifugal
effects causing the oil to locate along the axis. The oil drop adopts a
nearly cylindrical shape with the relative length and diameter controlled by
the balance between centrifugal forces (which tend to elongate the drop) and
interfacial tension forces (which tend to favor area reduction and thus resist
elongation). By measurement of droplet volume and length at known spinning
frequency, it is possible to calculate the interfacial tension, if phase
density information is known. The technique has been described by Mackay

and Hossain (1982) who give the equations which are used in this work, namely,

(/)13 (3x/72) ()13 = H r3/ v+ 1
where H = 8pw?
3

and Y is interfacial tension (dynes/cm), X is semi-major drop axis (cm),
i.e., half the length, r is the r?dius of the drop sphere of equivalent volume
(cm), w is an§u1ar velocity (s~'), and ap is density difference between 01l
and water (g/cm®), The equation is solved iteratively for Y

The calculation if done in SI units gives interfacial tension ig
Newtons/meter (N/m). Tne commonly used CGS unit of 1 dyne/cm is 10~2 N/m or
1 milli-Newtons/meter (mN/m). An advantage of the technique is that there is
no solid surface in contact with the oil as occurs in the pendant, sessile
drop, or de Nouy ring tests.

For selected samples of low viscosity, oil-air interfacial tensions were
also measured at 200C (using the de Nouy ring method).

0i1 sheen spreading properties are influenced by these interfacial
tensions, the net spreading tendency (ST) being given by
ST= Yau ™ Yow ™ YoA

where the interfacial tensions (Y) are subscripted AW (air/water interface),
OW (oi1/water interface) and OA (oil/air interface). A positive value of ST
results in spreading.

Gas Chromatographic Analysis

To estimate the fraction of the oil which had evaporated, GC analyses
were done and the traces compared with samples which had been evaporated to
known extents.




A 0.5 uL sample was injected into a Hewlett-Packard Model-5750 gas
chromatograph. The column was temperature programmed from 50°C to 280°C
at 15 degrees/min with a one-minute post injection interval. The column
used was a 10 foot long, 1/8 inch 0.D. stainless steel column, coated with
10% SE30 ultraphase on chromosorb P, A/W, DMCS, mesh 60/80. A flame joniza-
tion detector was maintained at 3200C and the injection port was held at
3009C. The carrier gas and the hydrogen flow rate were at about 30 mL/min.
The air flow rate was 500 mL/min. A Shimadzu C-R1A Chromatopac integrator
recorder was used.

The fuel oil1 samples which were much less volatile were analyzed in the
same manner using a HP 700 Laboratory Chromatograph.

Laboratory Evaporation (Air Bubbling)

To prepare o0il samples of known extents of evaporation, oils were
subjected to air bubbling under controlled flow and temperature conditions.
This gives data which can be used to estimate environmental weathering.

_ In addition, samples of this "artificially weathered" oil were taken
and selected properties determined; namely, the distillation curves and other
property curves discussed earlier.

The 0ils were air bubbled in a 250 mL graduated cyclinder. The small
cylinder size forced the use of low air flowrates, generally in the range of 1
L/min. The oil was evaporated for selected "exposures" to obtain evenly
spaced samples.

To take each sample, the cylinder mass and the volume of o0il at both
09C and 20°C were measured and approximately 40 mL was poured into the
pour point apparatus. This 40 mL was used for all the remaining tests.
The cylinder was then reweighed and the volume of oil was measured at 209C
only. At this point the amount of air which passed through the oil was
recorded.

In the case of the home heating oil there was an accidental loss of
approximately 60 mL during the experiment. Fortunately, there was still
sufficient oil remaining to complete the experiment.

Distillation

The distillation method used (which gives oil volatility data) is
not the ASTM method. The process used was altered in order to predict the
evaporation rate more accurately. This is done by measuring the liquid's
boi1ing temperature not the lower condensing vapor temperature. The flask
from which the 011 was boiled was insulated to reduce superheating, and the
11quid contained glass beads (or boiling chips) and a magnetic stirrer to
maintain uniformity. A thermocouple was used to measure the liquid
temperature.

The amount of condensing 14quid was measured against boiling tempera-

ture. Precautions were taken to prevent the evaporation of the 1iquid once
i1t reached the end of the distillation column.
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Flash and Fire Points

Flash and fire points were measured for selected oil samples to provide

an indication of the ease of ignition. The standard ASTM Cleveland Open Cup
method was used and the results reported in

Emulsion Stability

The wax and asphal tene contents of the fresh oils were also measured as
mass fractions by standard methods. Assuming that these components do not
evaporate,;. the values for evaporated oils could be calculated readily. These
quantities are used later in estimating stability of water-in-oil emulsions as
described by Mackay and Zagorski (1982?.

~In addition, the fresh oils were subjected to a recently developed
emulsion formation and stability test described by Mackay and Zagorski (1982).

In total, this work gave a comprehensive set of data which could be used
to develop expressions relating the properties as discussed in Section 5.0.

11




4.0 RESULTS
4.1 MWeathering Experiments

The time of year during which the samples were weathered, the
condition of the underlying surface, and the prevailing weather conditions
during certain weathering periods have led to specific groupings of the
samples for the varfous types of oi1 as outlined below:

-+, Group Weathering Period Samples

Prudhoe Bay Crude

Winter 1980 4 Feb - 22 Feb 1980 1-8
Winter 1981 1 Dec - 4 Feb 1980 9 -18
Winter 1981 3 Feb - 26 Feb 1981 and 19 - 25 and
(emulsified) 10 Mar - 12 Apr 1981 34 - 35
Spring 1981 2 Mar - 30 Apr 1981 26 - 33

No. 2 Home Heating 0i1

Winter 1980 11 Feb - 25 Feb 1980 1 -7
Winter 1981 6 Jan - 25 Feb 1981 8 - 18
Spring 1981 26 Feb - 10 Mar 1981 19 - 30

No. 4 Fuel 0il

Winter 1980 18 Feb - 6 Mar 1980 1-6

Winter 1981 6 Jan - 4 Feb 1981 7-14

Winter 1981 3 Feb - 26 Feb 1981 and 15 - 21 and

(emulsified) 2 Mar - 6 Apr 1981 25,27,29,30

Spring 1981 2 Mar - 13 Apr 1981 22-24,26,28,31
12




Tables 4.1 and 4.3 give start and end times, duration, average
temperature, wind speed, and evaporative exposure (6) for each sample. o,
the evaporation exposure, is calculated as KAt/Vo where

K is the mass r’asfer coefficient calculated from the wind
speed (U(m/s))by K = 0.0025 UY-/S (Mackay and Matsugu, 1973)

A is the oil area (m2)
t is time (s)
Vo is the initial volume of spilled oil (m3)

The first (Winter 1980) group of samples were weathered during cold
weather in February-March 1980 when the ice blocks were generally intact and
air temperatures were generally below freezing. The samples were covered with
the transparent covers to protect them from precipitation. These samples were
initially deposited in cavities in the ice so that the spill area was
generally less than the box area for the first few days. Although these
samples started out on a solid ice surface, by the end of the period some
mel ting had occurred so that a simulated melt pond situation existed.

The second (Winter 1981) group contains those samples which were
weathered during very cold weather in January 1981 for the most part on a
solid ice surface. They were not initially deposited in a cavity so that the
0i1 covered the major portion of the box area. The samples were not sheltered
by the plastic screens so that snow was allowed to accumulate on the samples.
This led to some interesting observations of oil/snow/ice interaction for the
darker oils (No. 4 and Prudhoe Bay crude) when solar radiation and warmer
temperatures melted the snow. It appears that the darker oils are initially
shel tered from the atmosphere by the snow. As solar radiation warms the sn~y
and the oil underneath, the oil appears to pocket in small depressions in tne
snow and ice (up to a few cm in diameter) (Figures 4.1 and 4.3). It is quite
possible that this initial sheltering followed by the collection of the ofl
into small pockets with a local increase in slick thickness may have a
significant short-term effect on the weathering rate. The lighter No. 2
home heating oil did not show this pocketing tendency. It saturated the
snow evenly shortly after being covered.

The third group of samples (Winter 1981 emulsified), refer
primarily to those samples that were weathered during February 1981. These
samples were deposited in 30 cm x 30 ¢m cavities in the ice to prevent runoff
during a warming period in February 1981. The samples were not covered with
the transparent screans. Melt pond conditions prevailed throughout the
period. During the night of 7-8 February, heavy rains fell inundating the
samples. Although the samples remained intact with little oi71 loss, some oil
emulsification was immediately noticed. The emulsification significantly
affected the physical properties and possibly the weathering rates of the
samples. Accordingly, some of the later samples (March-April 1981) which
showed indications of emulsification are also included in this group.

13




Table 4.1 Exposure Conditions -~ Prudhoe Bay Crude,

¢ SAMPLE  START TIME/DATE  END TINC/DATE  HOURS AVERAGE AVERAGE EvAP

TERP WIND  EXPOSURE
€6 C  W/SEC Xip-¢

0f PBC #0% 1000 04 FEB 80 0900 S FEB B0 024 -12 3¢ 449
§2 PBC 02 1000 04 FCR 80 0900 06 FEB 3¢ (48 5.2 2% .337
02 PBC #03 1000 04 FEB 80 0900 08 FEB B0 096 -3.0 3.3 i.947
04 PBC #04 1000 04 FEB 8¢ 0960 11 FZB 80 170 2.2 3.0 3.138
05 PBC #05 1000 04 FEB 80 0900 49 FEB B0 380 -1.7 3.4 7.335
06 PBC #06 1000 04 FEB 80 0700 03 MAR B0 472 1.4 3.2 (3.074
07 PBC #07 1200 20 FEB 80 0900 2§ FEB 80 024 3.2 i i85
08 PBC #08 1200 20 FER 80 1400 22 FEB 80 650 40 2.4 .207
09 PBC #09 1400 04 DEC 80 1000 02 DEC B0 023 -43.4 2. . 320
10 PBC #40 1100 01 DEC 80 1000 03 DEC 80 047 -43.3 4.0 1.068
11 PBC #11 1400 06 JAN 8% 1300 08 JAN 81 047  -33 4y 1.134
12 PBC #12 1400 06 JAN 8 0800 10 JAN B 990 5.9 3.0 t.545
£3 PBC #13 1400 06 JAN 81 0900 12 JAN 81 439  -p.g 3.2 2.730
14 PBC #14 1400 06 JAN 84 0900 15 JAN Bf 244 -3.6 2.8 3.573
15 PBC #15 1400 06 JaN 8 1000 19 JAN B 308 -7.5 2.8 5.450
16 PBC #16 1400 06 JAN 8% 6900 22 JAN 8% 39 6.4 2.6 §.325
7 PBC #17 1400 06 JAN 8% 0900 29 JAN BY 547  -4.3 24 9.0%0
£8 PBC #18 1400 04 JAN 81 0900 04 FCB Bf 691 4.0 2.8 {2.072
19 PBC #19 0900 03 FEB B4 0900 0S FEB B 048 -B.2 3.0 .8%6
20 PBC $20 0900 03 FEB Q¢ 0900 09 FEB 81 {44 3.7 2.9 2.534
24 PBC #21 0900 03 FER 84 0900 12 FEB 81 216 -{.4 3.7 4.685
22 PBC $22 0900 03 FEB 8¢ 0900 17 FEB 34 334 1.6 3.2 6.4%4
23 PBC 423 0900 03 FEB 81 0900 19 FFE B1 384 -7 34 7.189
24 PBC $24 0900 03 FEB 8¢ 0900 23 FEB 81 480 t.6 3.3 9.418
2% PBC #25 0900 03 FEB 81 0900 26 FEE B1 552 1.6 3.3 10.92
26 PBC $26 0900 02 MAR 8 0900 04 MAR B D4B -4 34 {.044
27 PEC 427 0900 02 MAR 81 0900 09 MAR Bf 148 i.0 29 3.042
28 PBC #28 0900 02 MAR 31 0900 12 MAR 31 249 {5 2.8 4.250
2§ PBC 29 0900 02 MAR Bi 0900 15 MAR BY 33 1.8 35 7.074
30 PBC #3060 0700 62 MAR B¢ 0900 {9 MAR 81 408 1.2 3.7 3.329
24 PBC #3f 1100 10 MAR Bi 0900 23 MAR 81 31D i.0 3.8 6.895
32 PBC #32 1100 40 MAR Bi 0700 26 MAR 8% 380 .4 3.4 7.454
33 PBC #33 1100 40 MAR 81 0700 30 MAR BY 476 2.3 34 $.7243
34 PBC #34 {100 {0 MAR B 0800 06 APR Bf 445 4.3 3.5 13.405
35 PBC 35 4100 40 MAR B 0700 13 APR BS  Bi{ 54 36 17.443
36 PBC ST{ --- - 0o s e 0.000
37 PBC ST2 --- -=- oo -~ ee- 0.000
38 PBC ST ~-- --- e e e 5.000
14




Table 4.2 Exposure Conditions - No. 2 Home Heating Oil.

§ SAMPLE  START TIME/DATE END TIME/DATE HOURS AVERAGE AVERAGE EVAP

TENP WIND  EXPOSURE
DEGC M/SEC X 10-¢

0t No2 #0f 1000 i1 FEB 80 0960 12 FEB 30 023 -.2 4.2 559
02 No2 402 1000 11 FEB BY 1000 13 FFB 80 048 -.8 3.5 i.024
03 No2 #03 1000 1i FEB 80 1000 15 FEB 30 {04 -3.2 3.5 2.105
64 No2 $04 1000 {1 FER 80 1400 1B FER B0 {72 -f.4 3.5 3.582
05 No2 #05 {000 1{ FEB 30 0900 25 FEB 80 339 7 3.0 6.249
06 No2 #06 1000 {1 FEB 80 SAMPLE LOST 0wy --- —-- 0.080
07 No2 407 4200 20 FEP 80 1460 24 FEB 80 026 41 1.5 .278
0B No2 #08 1400 06 JAN 84 1300 07 JAN 81 023 4 4.0 .547
09 No2 #09 1460 66 JAN 81 0800 10 JAN 8% 090 5.9 3.0 1.645
10 No2 #10 £400 06 JaN 81 0700 12 JAN 84 139 -8.4 3.2 2.730
11 No2 #i1 1400 06 JAN 8 0900 1S JAN 84 2i{1 -B8.% 2.8 3.573
12 No2 #12 140u 06 JAN B 1000 19 JAN 81 308 -7.S 2.8 $.450
13 No2 #13 1400 06 JAN 84 0900 22 JAN 31 379 -6.4 2.6 6.335
f4 No2 #14 1400 06 JAN Bi 0900 29 JAN 81 547 -4.3 2.6 2.090
15 No2 #15 1400 046 JAN 81 0900 04 FEB Bf 691 -4.9 2.8 12.072
§6 No2 #i6 0900 03 FEB 84 0700 05 FFR B 048 -8.2 3.0 .8%6
17 No2 #17 0900 03 FEB 34 0960 09 FEB 8% {44 -3.7 2.9 2.534
I8 Ne2 .i8 0880 25 FEP 8 1600 25 FEB 81 008  S.0 4.2 .200
19 No2 #19 1100 10 MAR 81 0960 11 MAR 81 022 2.9 2.1 .405
20 No2 320 1100 10 MAR 81 0900 {2 MAR Bf 046 2.4 2.7 .787
2f No2 #21 {100 10 MAR 81 1100 14 MAR 81 096 3.2 4.4 2.250
22 MNo2 $22 4400 10 MAR 84 1100 46 HAR B4 144 2% 4.4 3.633
23 No2 #23 1100 10 MAR 81 1200 18 NAR 81 193 i.5 4.5 4.951
24 No2 #24 1100 10 MAR 81 0900 19 MNAR Bf 24 f.4 4.4 5.368
25 No2 #25 1100 10 MAR 31 0700 30 MAR 8§ 276 .8 4.4 6.556
2L No2 #26 1100 10 MAR 81 0700 06 APR B1 644 4.3 3.5 13.584
27 No2 %27 1200 16 MAR 81 1100 19 MAR 8f 074 -2.4 4.2 1.7%9
28 No2 #28 1200 16 MAR 81 0800 23 MAR 81 164 -G 3.3 3.235
29 No2 #29 1200 16 MAR 3% 0800 24 NAR 31 188 -.2 3.0 3.404
30 No2 #30 1200 16 MAR 81 0800 26 MAR 81 238 b 2.7 4.046
31 Ne2 ST ~--- --- oeo -=- --- 8.000
32 No2 ST2 --- ~—- 000 -=- -—- §.000
33 No2 ST --- --- 00 == -—- 6.000
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ﬁ Table 4.3 Exposure Conditions - No. 4 Fuel Oil.
'

04 Noa
02 NoA
03 Nod
04 Nod
05 Nod
.\ 06 Nod
3 : 07 No4
08 No4
09 Nod
L 10 Nod
11 Nod
12 Hod
{3 Nod
14 o4
# 1S Nod
; 16 Nod
.. 17 Nod

{8 Noa

19 Nod

20 Ned

21 Nod

22 Nod

23 Nod

24 Nod
Nod
26 Nod
27 No4
28 No4
29 Nod
30 Nod
3L Nod
32 No4
I3 Nod
24 Nod

n
vt

JRTIIDIPO TS YU, —

e an

# SANPLE

304
402
$03
$04
$0S
$#06
$07
$08
#09
$10
¥t
8§42
$13
$14
#15
$16
#17
#8
#19
$20
21
$22
$23
§24
#25
$26
$27
$28
429
130
$34
ST4
ST12
813

START TIME/DATC  END TIHE/DATE HOURS AVERAGE
TEHP
G C

£300 48 FER 80 1300 {9 FEB B0 022
1300 48 FEB 80 0900 20 FEB 80 042

A
.8
1300 18 FEB 80 1200 22 FEB 80 093 2.8
£300 18 FEB B0 1400 25 FEB 80 {47 1.0
£400 03 MAR 00 0900 0S NAR 30 043 2.4
1400 03 HAR 80 1500 04 HAR 80 073 3.2
1400 06 JAN 81 1300 07 JaN Bf 023 .4
1400 06 JAN Bi 0800 10 JAN Bf 090 -S5.9
1400 06 JAN 81 0960 12 JAN BI {39 -8.1
1400 06 JaN 81 0900 1S JaN Bf 2if -B.é
1400 06 JAN B4 1000 i9 JAN 81 308  -7.5
1400 06 JAN Bi 0700 22 JAN B1 379  -6.4
1400 66 JAN 81 8900 29 JAN 81 S47° -4.3
1400 06 JAN 81 0900 04 FEB 81 691  -4.0
0900 03 FER 81 0900 S FEB B84 D48 -8.2
0900 03 FEB 81 0900 09 FER BY {44 -3.7
090C 03 FEB 84 0900 12 FEB 31 216 ~1.6
0900 03 FEB B1 0900 17 FEB 84 336  -1.6
8906 03 FEB 81 0900 19 FEB 84 384 -7
0900 03 FEB 8§ 0900 23 FEB 84 480 i.0
8906 03 FER 81 §900 26 FEB 84 5S2 1.6
0700 02 MAR Bi 8800 04 AR 81 048 -.4
8700 02 NAR 81 £900 09 MAR 81  {4F 1.0
0900 02 MAR Bi 0700 12 MAR Bf  J«4 {.5
p708 02 MAR 8§ 0900 16 MAR BY 336 {15
0700 02 NAR 81 0800 19 HAR Bf 408 i.2
1100 10 MAR 84 0800 23 MAR 81 310 1.0
1100 10 MAR 84 0700 26 ¥AR Bf  3BO 1.4
1100 10 MAR 81 0700 30 MAR 81 476 2.3
1100 10 MAR B4 0800 04 APR Bi 645 4.3
£100 10 AR 81 0760 13 APR B1 81t 5.1
--- --- pog  ---
-—- --= 0o ———
- --- 000 ---
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]
]
'

EXPOSURE
X f0-°

645
706
1.57
2.677
.784
§.493
547
1.645
2.758
3.693
S.450
6.325
9.090
i2.072
.3%
2.634
.685
494
39
<18
.726
014
.042
.250
074
.829
.a9%
.65
743
605
. 443
.000
.000
.000
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Figure 4.1 Photograph showing dark oil sample covered by layer
of snow.

Figure 4.2 Photograph showing dark oil sample after snow has
melted. Note depressions and pocketing of oil.
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Figure 4.3 Photograph showing closeup of dark oil sample with
0oil pockets. Scale is in centimeters,
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The fourth group (Spring 1981) consists of those samples which were
weathered during March-April 1981 when warmer weather prevailed (daytime
temperatures well above 00C), and clear skies led to significant solar
radiation levels at the test site. As periods of melting and rainfall were
expected, the samples were deposited in the 30 cm x 30 cm cavities and
covered with the transparent screens. These samples generally experienced a
progression of underlying surface conditions as the ice blocks deteriorated.
The samples would rest on solid ice for the first day or so, spread out as
melt water created a melt pool situation after a few days, and eventually
weather in open water about 20-30 cm deep as the ice block deteriorated
completely. This hopefully simulated late summer conditions on the North
Slope when accelerated weathering of a spill is 1ikely to occur.

The No. 6 fuel oil samples were not separated into groups and were
analyzed in only a cursory fashion, as very little weathering was observed.
In fact, the No. 6 oil congealed into a semi-solid mass at the colder ambient
temperatures on the roof and did not spread into a slick as did the other
oils. When periods of warmer temperatures and increased solar radiation
mel ted the ice around the o0il, the semi-solid mass would become partially
submerged in the melt water. If the melt water refroze, the oil mass would
then be largely encapsulated in the ice, further sheltering the oil from the
atmosphere. The fraction of 0i1 remaining and density values for these
samples confirmed the absence of any appreciable weathering.

4.2 Physical/Chemical Properties

The results of the physical properties analysis conducted for
selected o011 samples by the University of Toronto are given in Tables 4.4,
4.5, and 4.6 for the Prudhoe Bay crude oil, the home heating oil, and the
heavy fuel oil. The distillation curves are presented in Figure 4.4. Gas
chromatographic traces are given in Figures 4.5 to 4.10 for the fresh oil
samples and for selected degrees of evaPoration. Figure 4.11 illustrates the
results obtained in the "purge and trap" analysis for water solubility. The
emulsion stability test results are given in Table 4.7.

These results form the basis of the model calibration work described
in Section 5.0. A more detailed discussion of the changes in physical and
chemical properties with weathering, and the implications on oil spill
countermeasures and cleanup is contained in the report by Tebeau, Meehan, and
Myers (1982).
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Fy (volume fraction evaporated)

FIGURE 4.4, DISTILLATION CURVES
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Figure 4.6 Gas chromatograph trace - Prudhoe Bay Crude--Weathered
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Figure 4.8 Gas chromatograph trace - No. 2 Home Heating Oil--Weathered




Figure 4.9 Gas chromatograph trace — No. 4 Fuel Oil--Fresh
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Figure 4.11 Gas chromatograph trace - Aqueous Solubility--Sample
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Table

4.7.

Emulsion Stability Test Results,

OIL
Test P.B.C. No. 2 H.H. No. 4 F.O.
Mass fraction
a) asphaltenes 0.024 0.0036 0.032
b) waxes 0.045 0.029 0.055
12 hour shaking
test
(1:3 oil-water
ratio, 65 rpm
oil fraction
emulsified 0.5 0.0 0.8
no water
layer
(2 phases only)
forms fairly forms no forms stable
stable emulsion emulsion emulsion
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5.0 MODEL CALIBRATION AND DISCUSSION

Having obtained the analytical and property data for the oils and having
developed the model for these oils, the final stage was to parameterize and
run the model equations for the outdoor test conditions at Groton and predict
the rates of oil evaporation and the resultant changes in oil properties.
Comparison was then made against the actual properties measured experimentally.
Because the outdoor conditions were not of constant windspeed and temperature,
there is inevitably some loss of fidelity between model and experiment, and
accommodation is possible by adjusting the rate constant for evaporation and
the environmental conditions.

In practice, the full oil spill model was not used because spreading and
dispersion did not occur. Some mousse formation did occur but it was believed
to be due to rainfall and is not properly described by the model equations
which apply to oceanic conditions. Accordingly, those sections of the model
which apply to weathering and physical properties were removed and set up as a
separate model.

From previous work, equations were proposed for the dependence of the
properties on temperature and volume fraction evaporated (F), given in Table
5.1. These equations were then calibrated to the specific oil types by
determining the equation constants, which are 1isted in Table 5.2. These
constants were derived by fitting these equations to the experimental data
on the samples obtained from the air-bubbling laboratory weathering procedures
described in Section 4.1. The laboratory weathering data were used to derive
the constants as this simulated weathering is caused exclusively by evapora-
tion, which is the only process accounted for by the model equations. In the
interests of simplicity, an attempt was made to fit the same constants (e.g.,
K1, K2, etc.) to all three oils, but this was not possible for viscosity
and ffash and fire points.

The first step in the calibration process is to relate the volume frac- |
tion evaporated (F) to the oil's degree of evaporation, i.e., the evaporative
exposure.

The evaporation calculation is based on recent work by Stiver (1982) and
Mackay and Stiver (1982) and is an extension of the evaporative exposure
concept developed by Mackay and Paterson (1980). l

The evaporation rate N (m3/s) is given by
N = KAPv/RT

where K is a mass transfer coefficient (m/s), A is the o) area (gz). P is
the oil vapor pressure (atm), v is tge oil 1iquid molar volume (m3/mol), R

is the gas constant (82 x 10-6 atm m3/mo1 K) and T is absolute temperature
(K). The dimensionless group (Pv/RT) is the oil's Henry's law constant, i.e.,
the ratio of the conc;gtration in air (P/RT) to concentration in the oil (v),
both in units of mol/m>. This group varies both with temperature and with
extent or volume fraction of evaporation, F.
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Table 5.1 Properties Measured and Correlated against
F (volume fraction evaporated) and T (tem-
perature K). é subscript O refers to conditions
at 298 K ie.25C and F = 0,ie. fresh oil.

PROPERTY UNITS FUNCTION
Density Kg/m3 DEN = DENg (1 - Kl(T - Tg)) (1 + KZF)
Viscosity mPas VIS = VISg (exp (K3(1/T - 1/T0)exp(K4F)
(cp)
Aqueous 3
Solubility g/m SOL = SOLg exp (-KSF)
Pour Point °c PP = PPy (1 + K,F)
Flash Point °c FLP = FLB( (1 + K,F)
Fire Point °c FIP = FIPg (1 + KgF)
| 0il Water Inter HN/
N - m
! facial Tension (dyne/cm) STW = STWo (1 + KQF)
1
Oil-Air Inter- mN/m
i facial Tension (dyne/cm) STA = STAg (1 + KIOF)
i Wax Content mass fractiom WAX = WAXg/(1 - F)
{
» Asphaltene Con-
1 tent mass fraction ASP = ASPg/(1 - F)
L
4
4

3




Table 5.2. Constants describing the 0il Properties as defined in

Table 5.1.

Constant PBC HH FO
K1 0.0008 0.0008 0.0078
K2 0.18 0.18 0.18
K3 9000 3000 7000
K4 10.5 1.6 5.0
KS 12.0 12.0 12.0
K6 0.35 0.35 0.35
K7 3.7 0.35 1.4
K8 3.7 0.35 1.4
K9 2.0 2.0 2.0
Ko 1.0 1.0 1.0
DENp 895 825 905
VISg 35.0 4.0 23.0
SOLg 29.2 3.0 6.5
PP -2.0 -27.0 -3.0
FLP, 70.0 100.0 80.0
F1Pq 80.0 110.0 90.0
STWg 27.0 26.0 30.0
STAg 30.0 26.0 32.0
WAX o 0.045 0.029 0.055

1 ASPQ 1.024 0.0036 0.032_
34




If the oil's initial volume 1s Vo(m3) then

N = VodF/dt
hence dF/dt = KAPV/VoRT
or dF/do = Pv/RT where 0 = KAt/V,

o is a dimensionless group termed the "evaporative exposure."
The problem is now to obtain an equation relating Pv/RT to F and
temperature. The simplest procedure, which is suitable for fairly volatile

oils, is to obtain the atmospheric pressure distillation equation of boiling
point vs. F, namely,

Tg = Ay + BoF (A and B, are coefficients)

0 For several oils, the following relationship applies to give (Pv/RT) at
229C:

In (Pv/RT) = 6.3 - 0.035 Tg
hence In (Pv/RT) = 6.3 - 0.035A, - 0.035 ByF
and substituting from above .
In (dF/do ) = 6.3 - 0.035 Ay - 0.035 ByF
Integrating this, and applying the initial condition that © = 0 at F = 0, gives
o = (exp(0.035 ByF) - 1)/(0.035 By exp (6.3 - 0.035 Ay))

which gives an analytical relationship between © and F, the evaporative
exposure and mass fraction evaporated.

This approach was satisfactory for the Prudhoe Bay crude oil,but it
failed for the distillates because of their high boiling points. Accordingly,
separate constants were fitted for these oils, the 0.035 and 6.3 being changed.
The final constants are given below.

Prudhoe Bay crude oil

In(Pv/RT) = 6.3 - 0.035Tp

Tg = AQ) +BiF Ay =439 By = 804
Home Heating 011

Tn(Pv/RT) = 50.1 - 0.12T

Tg = A2 + BoF Ay = 52] By = 126
No. 4 Fuel 011

In(Pv/RT) = 50.1 - 0.12Tg

Tg = A3 + B3F A3 = 518 B3 = 239

35
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It is hoped in future work to fit a single equation to cover the entire
range of 0ils Tikely to be encountered environmentally.

For temperatures Tp(K) other than 220C (2959K), a correction is
applied, namely

In(Pg/P22) =10.6 Tg(1/295 - 1/Tg)
Here Tg is the actual environmental temperature.
Now v also changes with temperature (as density o changes) as follows:
pp =022 (1 - K3(Tg - 295))
therefore vg = vp/(1 ~ Ky(Tg - 295))

Combining these two corrections, and assuming that 1n (RT)g & 1n(RT)22
yields

1n(Pv/RT)g = In(Pv/RT)22 - In{1 - Ky(Tg - 295)) - 10.6Tg(1/295 - 1/Tg)

The constant Ky is given in Table 5.2.

In this manner, a set of calibrated equations was obtained for each
0il type, which calculates the volume fraction evaporated (F) from the
"evaporative exposure," and then calculates the oil physical properties
as a function of F. The next step in the modelling effort was to compare
the predicted values of F and the o0i1 physical properties to the experimental
data, to judge the accuracy of the model equations. A complete tabulation was
prepared (which is not presented here, but is available at the R&D Center) of
the individual experimental and calculated values for each oil sample. The
summary results are presented in Figures 5.1 and 5.19 in the form of graphs
of predicted versus experimental property values for volume fraction
remaining, density, viscosity, solubility, pour point, flash point, fire
point, and interfacial tensions. The data for each oil type are plotted
separately.

The plots for volume fraction evaporated are given in Figures 5.1 to
5.3. The predicted values were obtained by first computing the evaporative
exposure (o), from the time duration, average wind speed, and average temper-
ature values in Tables 4.1 to 4.3, and then using evaporative exposure to
compute F according to the formulation outlined above. Experimental data, for
the air-bubbled samples,were measured directly in the laboratory. However,
such data were unavailable for the samples weathered under environmental
conditions at the R&D Center due to inaccuracies in the measurement
procedures. For these samples, volume fraction evaporated could only be
estimated by inspecting the GC traces and matching with samples of known F.
The estimated F values are given in Tables 4.4 to 4.6.

The comparisons between predicted and calculated oil physical properties
are given in Figures 5.4 to 5.19. Predicted values were calculated according
to the formulations set forth in Tables 5.1 and 5.2. Experimental values were
obtained from the University of Toronto analysis, the results being summarized
in Tables 4.4 to 4.6. For the density and viscosity plots, values for samples
which were subject to emulsification have been identified, as these experi-

mental values are not expected to agree with the values predicted by the
evaporation model.
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36.0
32.0
28.0 r o
35
PREDICTED BASED ON PROPERTIES o2
24.0 } Vs
EXPERIMENTAL BASED ON EXPOSURE 22 0 029 .
20.0 } / o2l
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Fv 16.0 :
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AB1770 0,
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o
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AB111 1
40t O '
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Experimental F, Based on Exposure

FIGURE 5.1 FRACTIOMN EVAPORATED BY VOLUME--PRUDHOE BAY CRUDE
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36.0

32.0f

28.01 PREDICTED BASED ON PROPERTIES
Predicted VS
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16.0F . 280
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o 027
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Experimental F, Based on Exposure

FIGURE 5.2 FRACTION EVAPORATED BY VOLUME--NO. 2 HOME HEATING OIL
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Experimental F, Based on Exposure

FIGURE 5.3 FRACTIOM EVAPORATED BY VOLUME--MO. 4 FUEL OIL
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FIGURE 5.7 VISCOSITY--PRUDHOE BAY CRUDE
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46




4.0L
3.0¢ O Fresh
Solubility
Predicted g AB1530
(g/m’)
ol9
AB4900
olé6
AB7900 P~ 5
1.0t 270
71 AB91500,
o2
30
25
1.0 2.0 3.0 4.0

Solubility Measured (g/m3)

FIGURE 5.11 AQUEOUS SOLUBILITY--NO. 2 HOME HEATING OIL
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The agreement between the predicted values and those measured as
indicated in these figures was judged to be satisfactory in most cases.
Prediction of the extent of evaporation is reasonably accurate considering the
variability in environmental conditions and the uncertainty of the measured
extent of evaporation. Density predictions were satisfactory with the excep-
tion of a few samples in which the discrepancy is attributed to formation of
water-in-oil-emulsions which formed because the samples were exposed to rain.
This phenomena is believed to cause the only major discrepancies in the vis-
cosity predictions as well. Aqueous solubility, pour point, and flash and
fire point estimation gave good results. Interfacial tensions were unpre-
dictable. This is probably due to oxidation occurring in the environment
which was not reproduced in the 1ab. Under the prolonged influence of sun-
light and oxygen, it is 1ikely that certain components of the oil (such as the

asphal tenes) oxidize and form surface active compounds which reduce the inter-
facial tensions.

In general, the model provides a satisfactory predictive capability. The
accuracy could be improved by selection of better equations and incorporation
of more experimental data; but the significant advance in this work has been
to establish for the first time the predictive framework and obtain reasonable
parameter values.

6.0 CONCLUSIONS

An 011 spill model has been developed, described, and provided to the
Coast Guard R&D Center, Groton, CT. The model as originally developed
includes calculation of rate of spreading, drift, evaporation, dispersion and
water-in-ofl emulsion formation. It also calculates the oil physical proper-
ties (density, viscosity, pour point, aqueous solubility, flash point, fire
point, and interfacial tension) as a function of these weathering processes.

The focus of this study was to develop and calibrate a simplified version
of this model which predicts volume fraction evaporated and physical properties
based on evaporation alone for three types of oil under arctic conditions. The
simplified evaporation model was calibrated using data obtained in simulated
weathering (air-bubbling evaporation) experiments in the laboratory. The
accuracy of the model was then judged by comparing the predicted values to
experimental data obtained from outdoor weathering experiments at the R&D
Center during the winters of 1979/80 and 1980/81. The results indicate that
the model predicts oil density, viscosity, pour point, and aqueous solubility
with a reasonable degree of accuracy. Attempts to predict flash and fire
points, and interfacial tensions were not satisfactory. In view of this,
the simplified model represents a significant contribution to predicting oil
behavior and properties under arctic marine environmental conditions.
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APPENDIX A
OIL SPILL BEHAVIOR MODEL

INTRODUCT ION

This Appendix gives a brief description of the model and
instructions for input data. The program could be modified to become
interactive by insertion of suitable statements.

The oil parameters used here are purely illustrative and do not
reflect the properties of a given oil.

The input data are grouped into:

(a) Computing parameters

(b) Spill quantities

(c) Environmental conditions
(d) 0i1 properties

(e) Process constants

(a) Computing Parameters

The following quantities must be defined:
DTIM - time increment (usually 100 s)
TCOMP - total time to be computed (e.g., 24 hours)
POFH - print out frequency in hours (e.g., every 0.1 hours)

(b) Spill Quantities

VOLTS - total volume spilled in m3 (eg. 100)

TIMSP - duration of spill in seconds. This should be a
multiple of DTIM. For an instantaneous spill set
TIMSP to DTIM.

TTK - initial oil slick thickness (m) usually set at
0.02 m (2.0 cm)

TTN - - thickness of sheen (m) usually 0.000005 m (5 x 10-6 m)

(c) Environmental Conditions

TC - temperature 9C (eg. 150C). Note that CF fis
printed out also.

WSKH - windspeed in km/h (eg. 20 km/h). Note that speeds
- in m/s and knots are also printed out.

FDR - oil drift factor (usually 0.035 or 3.5% of wind speed)
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(d) 0i1 Properties

Note that all values must be inserted at 250C. A correction is
then made to the ambient temperature for density, viscosity and vapor pressure.

FMAX - maximum fraction evaporated (usually 0.4 but possibly

Tower)
ST - oil-water interfacial tension (usually 24 dynes/cm)
DEN25 - fresh oil density at 250C (approximately 850 kg/m3)
VIS25 - fresh oil viscosity at 250C (approximately 10 cPoise)
SOLO - fresh oil solubility (approximately 30 g/m3)

SENT, VIST - constants relating density and viscosity to
temperature

DENK, VISK, SOLK - constants relating the change in density,
viscosity and solubility to weathering. Typical values
are 100, 4.0 and 12 respectively. The values of density
viscosity and solubility (DENX, VISX, SOLX) at 10%
weathering are calculated and printed out as a check.

(e) Process Constants

Evaporation

None are inputed but CEl, the evaporation mass transfer coefficient
is calculated from wind speed. It is generally about 0.005 to 0.01 m/s. CE2
and CE3 are A and B respectively taken from the distillation curves for each
0il (See Figure 4.4).

Dispersion

Three constants are inserted, CD1, CD2, and CD3 with values 0.00005,
2.0 and 1.0 respectively. :

Emulsion Formation

Three constants are inserted, CM1 with value of 0.65, (M2 with value
.of 2 X 10-5, and CM3 with value of 0.6 for PBC, 0.25 for HH, and 0.7 for FO.

Spreading

Four constants are inserted, CS1, CS2, CS3, and CS4 with values 1.0,
150, 5.0, and 8.0 respectively.

Note

In some cases, the values of these constants are oil pependent.
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Shut-0ff Factors

‘ Five factors are read in with a value of 1.0 if the processes of
o evaporation, disperison, emulsion formation, spreading, and drifting are to
proceed as normal. A value of zero stops the process and thus permits the
impact of that process on overall spill behavior to be assessed.

COMPUTING PROCEDURE

F. 1 - the program initializes a number of variables then proceeds to
g calculate the initial disposition of the slick and the ofl
properties.

2 - a print-out is then made of the spill conditions

w
]

the 011 spill behavior is then calculated as follows for the
thick slick and the sheen

- time change is calculated

- evaporation amounts and rates are calculated

dispersion amounts and rates are calculated

- emulsion formation amounts and viscosity are calculated

- spreading is calculated

O 0 N O
'

- the new 0il volumes, areas, composition and properties are
calculated, any "new" spilled oil being added

: 10 - the slick position and shape is calculated
i
j 11 - the condition of the slick is then printed out if requested
! 12 - the program then returns to step 4, checking to
determine if the program should stop.

|
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